Abstract Degenerative lumbar spinal stenosis is the most common reason for lumbar surgery in patients in the age of 65 years and older. The standard surgical management is decompression of the spinal canal by laminectomy and partial facetectomy. The effect of this procedure on the shear strength of the spine has not yet been investigated in vitro. In the present study we determined the ultimate shear force to failure, the displacement and the shear stiffness after performing a laminectomy and a partial facetectomy. Eight lumbar spines of domestic pigs (7 months old) were sectioned to obtain eight L2-L3 and eight L4-L5 motion segments. All segments were loaded with a compression force of 1,600 N. In half of the 16 motion segments a laminectomy and a 50% partial facetectomy were applied. The median ultimate shear force to failure with laminectomy and partial facetectomy was 1,645 N (range 1,066-1,985) which was significantly smaller (p = 0.012) than the ultimate shear force to failure of the control segments (median 2,113, range 1,338-2,659). The median shear stiffness was 197.4 N/mm (range 119.2-216.7) with laminectomy and partial facetectomy which was significantly (p = 0.036) smaller than the stiffness of the control specimens (median 216.5, 188.1-250.2). It was concluded that laminectomy and partial facetectomy resulted in 22% reduction in ultimate shear force to failure and 9% reduction in shear stiffness. Although relatively small, these effects may explain why patients have an increased risk of sustaining shear force related vertebral fractures after spinal decompression surgery.
Introduction
Degenerative lumbar spinal stenosis can result in narrowing of the spinal canal. This narrowing can lead to entrapment of the nerve roots and to neurogenic claudication, i.e. pain in the lower extremities while walking or standing. Typical of neurogenic claudication, these symptoms resolve with sitting or lumbar flexion. Degenerative lumbar spinal stenosis [1] is the most common reason for lumbar surgery in patients beyond the age of 65 years [2] . The standard surgical management for degenerative lumbar spinal stenosis is decompression of the spinal canal and the entrapped nerves [3] [4] [5] . The pressure can be relieved by a laminectomy, combined with a partial facetectomy. The long-term outcome of this surgery depends on the maintenance of sufficient intervertebral stability. A too large resection may cause instability of the vertebral column [6] [7] [8] [9] [10] [11] , sometimes resulting in pars interarticularis fractures and spondylolisthesis [12] [13] [14] . On the other hand, removing too little bone does not resolve the stenotic or radicular symptoms.
The effect of laminectomy and facetectomy on the stability of the lumbar spine has been studied in vitro [8, 10] as well as in finite element studies [6, [15] [16] [17] [18] . These studies show that after laminectomy and facetectomy the stability is impaired, which would increase the risk of spondylolisthesis. In addition, in vitro experiments have shown that anterior shear loading can lead to bony failure of the posterior elements of the spine, with the pars interarticularis being most frequently affected [19] [20] [21] [22] . Similarly it has been shown in in vitro experiments that after removal of the posterior elements compression and bending stiffness are reduced [23, 24] and the strength in shear loading is smaller [22, 25] . None of these studies measured the shear strength of the vertebral column after laminectomy and a partial facetectomy.
The aim of this study was to investigate the shear strength, in terms of ultimate shear force and displacement to failure and shear stiffness, of the porcine lumbar spine after laminectomy and partial facetectomy, comparable with surgery for spinal stenosis. We hypothesized that laminectomy and partial facetectomy would cause a major decrease of the shear strength.
Methods

Specimens and specimen preparation
Eight porcine lumbar spines of domestic pigs (mean weight 78 kg, mean age 7 months) were obtained from the slaughterhouse. Specimens were stored frozen at -20°C, with the surrounding soft tissue intact. All animals were healthy before they were sacrificed. Prior to testing the segments were thawed and kept wet by 0.9% saline-soaked gauze. All muscular tissue was removed, but ligaments were left intact. Each lumbar spine was sectioned into two motion segments for testing: L2-L3 and L4-L5. The motion segments were examined for bone abnormalities. For each spine, one of the motion segments was assigned to the control group and one to the treatment group, while counterbalancing L2-L3 and L4-L5 segments over the treatment group and the control group so that both groups consisted of eight L2-L3 and eight L4-L5 segments. In the treatment group, a laminectomy and a partial facetectomy were applied: first, a laminectomy was made with a mechanical 10-mm oscillating saw at level L2 or L4 by removing the spinous process and part of the lamina (Fig. 1) . Before performing the partial facetectomy the width of the pars interarticularis was measured with a calliper rule (accuracy one tenth of a millimetre), both at the left and right sides. At half of the width of the pars interarticularis a 2-mm hole was drilled just above the facet joint. The facet joint was left intact. From here, on both sides a partial facetectomy to the midline was performed using a mechanical 4-mm oscillating saw (Fig. 2) . Subsequently, the vertebral bodies were embedded in neutral position in cups with a low melting point (48°C) bismuth alloy, with the articulating parts remaining outside the bismuth. Prior to embedding screws were drilled into the body of both vertebrae up to a depth of 7 mm to avoid any movement in the bismuth. For both the treatment and the control groups, the transverse processes were partially removed and for the control group, the dorsal part of the spinous process was removed. Removal of these bony ends was applied to promote solid embedding and did not affect the arch or the articulating parts of the vertebra.
Biomechanical testing procedure
Using a dead weight connected through a pulley system to the plateau, segments were loaded with a compression force of 1,600 N. This load was selected to allow for comparison with previous work [25] and was a compromise between applying compression forces that are sufficiently large to simulate spine loads that occur in vivo when large shear forces are present [26] [27] [28] , but low enough to avoid damage due to compression forces alone [29] . An anterior shear force was applied on the cranial vertebra using a hydraulic materials testing machine (model 8872; Instron & IST, Canada). The caudal vertebra was fixed on a plateau that could move in axial and horizontal direction, without allowing any movement in the shear direction (Fig. 3 ). The only structures resisting shear displacement of the cranial vertebra were the articulations with the caudal vertebra. Shear strength was determined at a displacement rate of 0.1 mm/s. Force and displacement were recorded and digitized at 100 Hz (Instron Fast Track 2). The test was stopped after hearing a clear crack or after a large force reduction was seen.
Analysis
For each of the 16 motion segments tested, the ultimate shear force to failure, i.e. the peak force in the loaddisplacement curve, and the displacement at the instant of ultimate shear force were determined. The average shear stiffness of the segments was calculated from the loaddisplacement curve. The deformation was linear, with an r 2 [ 0.997 for each individual test, after an initial phase (i.e. after a load of 400 N) and up to the first visible sign of failure (i.e. up to over 900 N in all specimens), and therefore the average stiffness between loads of 400 and 900 N was calculated. A Wilcoxon signed ranks test was applied to the ultimate shear force at failure, to the displacement at failure and to the shear stiffness between 400 and 900 N. The test was applied both for the factors treatment group (treatment and control) and vertebral level (L2-L3 and L4-L5). Furthermore, the pars width prior to treatment, averaged over the left and right side, was tested for a difference between L2-L3 and L4-L5, again using a Wilcoxon signed ranks test. The statistical analyses were performed using SPSS for Windows version 17.0 (SPSS Inc., Chicago, USA). The significance criterion was set at 0.05. After testing, the mode of failure was established for each specimen by inspection prior to and after dissection.
Results
No bone abnormalities were found in the tested segments before the shear load was applied. The main site of failure during shear loading (Table 1) was the pars interarticularis for the laminectomy/facetectomy group and the arch for the control group. The median ultimate shear force to failure with laminectomy and partial facetectomy (Table 1 ) was 1,645 N (range 1,066-1,985) and this was significantly (p = 0.012) smaller than the median ultimate shear force to failure of the control segments (2,113 N, range 1,338-2,659). The median displacement at the instant of ultimate shear force with laminectomy and partial facetectomy was 9.3 mm (range 7.5-11.0) and this was not significantly different (p = 0.069) from the control segments (median 11.7 mm, range 6.1-13.1).
The median shear stiffness between 400 and 900 N was 197.4 N/mm (range 119.2-216.7) with laminectomy and partial facetectomy and this was significantly (p = 0.036) smaller than the median stiffness of the control segments (216.5 N/mm, 188.1-250.2). In percentage the median ultimate shear force to failure with laminectomy and partial facetectomy was 22% smaller than in the control group. The median shear stiffness between 400 and 900 N was 9% smaller than in the control group.
The median width of the pars interarticularis (Table 1 ) was significantly (p = 0.018) smaller for the L2-L3 segments (10.8 mm, range 10.0-11.4) than for the L4-L5 segments (12.4 mm, range 11.6-13.3). However, despite this difference in width between the L2-L3 and L4-L5 Inspection of load-displacements curves showed, in some cases, sudden small changes in the stiffness of the segments (Fig. 5) . These changes always occurred beyond 900 N loading. We assume that these small changes in stiffness during a test were caused by micro fractures or by a small rotation of one of the segments.
Discussion
The present study showed that the ultimate shear force to failure of the lumbar porcine spine after laminectomy and partial facetectomy was significantly smaller than the ultimate shear force to failure of the control segments. The shear stiffness of the segments on which the laminectomy and the partial facetectomy were performed, was also significantly smaller. This confirms our hypothesis and is also in line with model studies [15] [16] [17] [18] and in vitro studies [10, 24] showing reduced stability of the spine after laminectomy and partial facetectomy. Thus, the pars interarticularis contributes substantially to the resistance to shear forces at the lumbar spine and, as such, provides important protection against shear injury. Removal of 50% of the pars interarticularis with a laminectomy resulted, in the present study, in a median reduction of the ultimate shear force to failure of 22%. Clinically, these results can explain the pars interarticularis fractures and spondylolisthesis that are sometimes seen after decompression of the spinal canal [12-14, 19, 30] . Our results suggest that decompression surgery reduces the injury threshold in shear loading of the lumbar spine. Patients should be informed about their potentially reduced shear injury threshold, with the possibility of causing pars interarticularis fractures and spondylolisthesis. Prevention programmes, aimed at reducing shear loading, may be useful in reducing the incidence of postsurgical shear load induced injury. Our results underline the importance of preserving as much of the pars interarticularis as possible during surgery, but the percentage reduction of ultimate shear force to failure is not proportional with the percentage bone removed. The percentage reduction of ultimate shear force to failure is only about half of the percentage bone that is removed. Partially, this can be explained by the fact that the pars interarticularis is not the only structure resisting shear forces. In fact, the intervertebral disc has been shown to be one of the primary shear-resisting structures when applying forward shear forces [19, 22, 25, 31] and it has been shown to be responsible for 62.5-74% of the ultimate shear strength [19, 22, 31] .
Another explanation for the finding that removal of 50% of the bone of the pars interarticularis did not result in a 50% decrease of ultimate shear force to failure, is that the pars interarticularis is not ''the weakest link'' prior to surgery. As can be seen in Table 1 , the location of failure in the control specimens was seven times the arch of the vertebra and only one time the pars interarticularis.
In the present study, the median ultimate shear force to failure in the control group was 2,113 N, which is comparable with other studies [22, 25, 31] . The shear stiffness reduction in the present study (9%) was even smaller than the reduction in ultimate shear force to failure (22%). Comparably, van Dieen et al. [25] found only 32% increased amplitude in shear displacement after complete removal of the posterior elements. Those relatively low percentages may be related to the 1,600 N compression load used in the present study. It has been shown that the shear stiffness of spinal motion segments increases with compressive loading [32, 33] . Indeed, without compressive loading, Lu et al. [23] found a reduction of stiffness of 78% after removing the complete posterior elements. The difference between the stiffness reduction (9%) and the ultimate shear force reduction (22%) in the present study might be speculated to be due to an increased bony contribution to the stiffness when approaching the ultimate shear load.
It can be noted from Table 1 that fractures were not symmetrically distributed over the left and right sides. All of the specimens were exactly levelled in the middle of the bismuth during testing and the anterior shear load was symmetrically applied on the vertebras in the bismuth. We found no explanation for the occurrence of the asymmetrical arch fractures, and we assume that it is a coincidence.
A limitation of the present study is that we used porcine spines with a mean age of 7 months and not adult human spines. We chose pigs for their specimen homogeneity related to a comparable age, weight, diet, activity level and genetic background between animals [31] . Porcine lumbar segments differ from human lumbar segments. The main difference is the smaller size, while morphological characteristics are similar to human lumbar spines [34] . Multiple studies have shown that mechanical properties like compressive and shear strength in porcine specimens are similar to human lumbar spines [22, 25, 35] . Another limitation of the present study is that we used only a single level of compression force. As indicated earlier, compression is known to increase the shear stiffness of the intervertebral disc, so that the percentages found in the present study would probably be higher when the compression force would have been lower. We selected the present load level because it is a physiologically reasonable level of compression with the applied shear loads and this load was selected to allow for comparison with previous work [25] .
It should be noted that surgery for spinal stenosis is mainly applied in patients exceeding the age of 65 years. Most of these patients suffer from osteoporosis [36, 37] . Osteoporosis likely reduces both the stiffness and the ultimate shear strength of the pars interarticularis. Furthermore, the intervertebral disc is often degenerated in elderly people. Initially, this results in a loss of (shear) stiffness of the disc, but severely degenerated discs may show enhanced stiffness [19, 30, 31, [34] [35] [36] [37] [38] [39] [40] . Therefore, the overall effect of aging on the ultimate shear strength is hard to predict. Clearly, further testing on aged human lumbar spines is warranted. Another limitation of the present study was that we did not, as common in this kind of surgery, use a Kerrison rongeur to remove the bone. The reason was that pilot work suggested that we could more accurately remove 50% with a mechanical saw. Nevertheless, the removed bone may not have been exactly 50%. This could have influenced our data. Furthermore, that the strength and stiffness of the removed bone was different from the strength and stiffness of the remaining bone cannot be excluded. Bone density as well as precise quantification of the amount of bone removed might be obtained from 3D CT images, but this was not applied in the present study.
In this study we did not investigate the effects of partial facetectomy and laminectomy on shear strength separately. This choice was made because of the destructive nature of the tests in combination with the goal to simulate the surgical procedure used in patients with spinal stenosis. Finally, we only used a single loading cycle. Cyclic loading might, through visco-elastic behaviour of the intervertebral disc, shift load to the posterior elements [25] , thereby enhancing the effect of partial facetectomy and laminectomy on shear strength.
In conclusion, the present study showed that in porcine segments, laminectomy and partial (50%) facetectomy resulted in 22% reduction in ultimate shear force to failure and 9% reduction in shear stiffness. Although relatively small, these effects may explain the high incidence of pars interarticularis fractures and spondylolisthesis in patients after spinal decompression surgery.
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